We have introduced both electrophoretic and dynamic light scattering to evaluate the polydispersity, nanodispersity, and stability of single-walled carbon nanotubes (SWNTs) in distilled water with surfactants. By controlling the sodium dodecyl sulfate composition and some pretreatment by sonication, we were able to achieve nanodispersion (dispersion into individual nanotubes). The polydispersity was well described by combining both methods. We further showed that the nanodispersion and length distribution observed in the dynamic light scattering spectra were clearly identified by atomic force microscopy. Although surfactants with aliphatic groups can nanodisperse SWNT bundles, the dispersivity and stability depended seriously on the sample preparation process. Our measurements showed that a combination of electrophoretic and dynamic light scattering can provide a convenient and robust means of measuring polydispersity, nanodispersity, and stability of SWNTs in various solutions.
INTRODUCTION
In spite of tremendous demands for single-walled carbon nanotubes (SWNTs) in current and future nanotechnology, their applications are still limited for several reasons. Naturally formed bundles of SWNTs during synthesis sometimes cause serious drawbacks. For instance, uniform dispersion of nanotubes in fabricating nanocomposites 1 2 and in preparing nanotube pastes for field emission displays is a prerequisite requirement for devices of high performance. 3 Yet, measuring dispersivity and dispersion stability of nanotubes in various solvents is far from being clearly understood, let alone the dispersion of nanotubes. The electrophoretic light scattering (ELS) method has been introduced to measure the degree of dispersion * Author to whom correspondence should be addressed.
of multi-walled carbon nanotubes (MWNTs) with copolymers in ethanol 4 and sodium dodecyl sulfate (SDS) in distilled (DI) water, in terms of their Zeta potential. 5 The length distribution of nanotubes in solution has been measured within hydrodynamic approximations by using dynamic and static (or laser) light scattering (DLS/SLS). 6 7 DLS provides information for length distribution, whereas ELS generates the Zeta potential, which provides information for the degree of dispersion. The length of nanotubes is closely related to the degree of dispersion. Both methods are complementary. It is therefore necessary to combine both methods to get comprehensive information in evaluating dispersivity and dispersion stability of nanotubes. Furthermore, there is no guarantee that the length distribution obtained from DLS is valid microscopically due to the hydrodynamic approximation introduced by anisotropic materials. In this report, we have introduced both ELS and DLS to evaluate the dispersivity and length distribution of SWNTs with SDS in DI water. By controlling the SDS composition and some pretreatment by sonication, we were able to achieve nanodispersion (dispersion into individual nanotubes). The polydispersity was well described by combining both methods. We further showed that the nanodispersion and length distribution observed in the DLS spectra were clearly identified by atomic force microscopy (AFM).
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EXPERIMENTAL DETAILS
Pristine single-walled carbon nanotubes were synthesized by electric arc discharge with transition metals and small amounts of yttrium (supplied by Iljin Nanotech, Korea). The pristine SWNTs of 0.5 g were annealed in air at 450 C for 200 minutes to remove carbonaceous particles. 8 They were refluxed in 3 M of nitric acid at 100 C for an hour, and further filtrated in water until the pH became 7. The sample on the filter was dried in an oven at 100 C for a day. It is usually difficult to remove transition metals from SWNT samples grown with yttrium. Metal content was reduced to about 10 wt% in the final sample, as confirmed by thermo gravimetric analysis. SWNTs of 0.1 mg/ml were added to DI water with SDS. Several SDS concentrations were used to optimize the dispersion of SWNTs in the DI water. The mixed solution was sonicated with a tip-type for an hour at a power of 350 W and an output frequency of 20 kHz. Although SWNTs seemed to have dispersed well according to the naked eye, some SWNTs had sedimented within an hour. After the treatment, we extracted a solution from the top part only by pipette and transferred it to a measurement cell. The DLS and ELS spectra were obtained by using an ELS-8000 (Otsuka Electronics). A He-Ne laser with a wavelength of 632.8 nm was used for both measurements. A DC bias voltage of 80 V was applied across the cell for the ELS measurements. The initial pH value was adjusted to approximately three by using hydrochloric acid, and then titrated using potassium hydroxide. ELS and DLS spectra were measured in terms of pH. AFM images were obtained in air using a Seiko SPA400 in dynamic force mode (DFM). A 20 m-scanner was used with a cantilever type of SI-DF20 (Al back coating and a force constant of 40 N/m, and an average resonance frequency of 302 kHz). We limited our scanning range to 10 m to avoid unnecessary curvature effects. The scanner was calibrated using a standard sample from Seiko with a 1 m pitch and a 100 nm height. The height of the SWNTs was measured by subtracting the SWNTs height from the flat base line. The extracted solution was spin-casted on a Si substrate. 1-Methyl-2-pyrrolidinone (NMP) was dropped onto the substrate several times during spinning to enhance adhesion between the SWNTs and the substrate.
RESULTS AND DISCUSSION
ELS Measurements
ELS measures the velocity of particles in solution moving under an applied electric field, where the frequency shift (or the equivalent velocity from the Doppler shift) can be simply obtained by superposing scattered and reference lights. 9 Once the mobility of the particle is determined from the velocity, = /E, where and are mobility and velocity of the particle under electric field E, respectively, the Zeta potential can be evaluated directly using the Smoluchowski formula ( = 4 / , where and are the viscosity of the particle in solution and the dielectric constant of solution, respectively). When particles are aggregated, the mass of the particles increases, and therefore they move slowly, giving a smaller Zeta potential. When particles are charged with the same polarity, they repel each other, preventing the aggregation, which results in a larger Zeta potential. A larger Zeta potential means there has been a better dispersion of particles in the solution. On the other hand, DLS measures the scattering light intensity I( t) of rapidly oscillating scattering light over time due to the Brownian motion of particles without applying an electric field. 10 The autocorrelation function is obtained via G 2 = I(0)I( ) = 1/T I(t) I(t + ) dt. The relationship to the normalized first order autocorrelation function G 1 is given by G 2 = 1 + G 1 2 , where is an experimentally determined constant. Assuming the particles are spherical, G 1 is connected to the diffusion constant D, G 1 = exp −2q 2 D , where q = 4 n/ 0 sin /2 . Here n, 0 , and are the refractive index of the solution, the wavelength of the incident light, and the scattering angle, respectively. The particle size can be determined by the Einstein-Stokes relation, D = k B T /6 r, where k B and T are the Boltzmann factor and the temperature, respectively, and r is the hydrodynamic radius of the particles. In the case where the size of the particles is much smaller than the laser wavelength, even an anisotropic rod-like particle can still be treated as a spherical particle within a hydrodynamic approximation. It is our intention to prove that combining these two methods will give a comprehensive feature for dispersion and length distribution of SWNTs in solution. Figure 1 shows the Zeta potential distributions of the SDS with the SWNTs (left) in terms of SDS concentration. Note the two well-separated peaks which suggest the existence of the polydispersity of the particles. In order to see the origin of this polydispersity, we showed the Zeta potential distribution of the SDS without the SWNTs with the same sonicating condition as the SDS with the SWNTs (right). One characteristic peak appeared in the case of the SDS dispersion. In fact we observed incessant sedimentation of dark materials at the cell bottom during measurements. It has been reported that radicals are generated with a simple bath-type sonication of SDS in aqueous solutions. 11 In our case, however, the severe sonication with a tip-type led to polymerization, resulting in the sedimentation. Furthermore, doping with ambient sodium ions made the color change. The sedimentation was also identified by an asymmetric Mori-Okamoto's plot. 12 This plot represents the electro-Osmotic flow of ions from the cell surface, when the bias is applied. When the sedimentation takes places, the Zeta potential becomes asymmetric due to different Osmotic flow between the upper and lower walls. Although we observed an asymmetric MoriOkamoto's plot, which is clear evidence of sedimentation, the change of the Zeta potentials with time was negligible. Furthermore, these values did not agree with those in the SDS with SWNTs solutions at different SDS concentrations. This can be understood by the fact that the SWNTs were aggregated with the surfactants, forming different particle sizes. The increment of the peak values of the lower Zeta potentials with increasing SDS concentrations suggests that the average size of the largesized SWNT aggregates became smaller. This reflects the continuous sedimentation of the large-sized particles. On the other hand, the absolute Zeta potential of the smallsized SWNT aggregates suddenly increased from 44 mV to 62 mV at 0.5 wt% of the SDS concentration, and remained unchanged at high SDS concentrations. Figure 2 (a-c) shows the concentration dependence of the light scattering intensity distribution as a function of particle size. Three groups of particles with sizes near 1 nm, 200 nm, and 6 m were present at all concentrations of SDS with SWNTs, as shown in the left panels. The sidewalls of the SWNTs had already been saturated at 0.1 wt% of the SDS concentration. The pure SDS suspension without the severe sonication process did not show characteristic DLS peaks. However, severe sonication with a tip-type, as described in our approach, was necessary to dissolve the SWNTs in the DI water. The severe sonication generated radicals that led to eventual polymerization of the SDS molecules. Some of the polymerized SDS molecules were still supernatant, as can be seen in the right panel of Figure 2 . The situation was different when SWNTs were added to the SDS suspension. The SWNTs were presumably cut into small pieces during severe sonication and known to be wrapped by the SDS molecules that were eventually nanodispersed into individual nanotubes. 13 Our analysis showed that the SDS generated a mixture of individual nanotubes and small bundles surrounded by SDS. The SWNTs were then charged upon reaction with SDS and could be easily visualized in the ELS measurements, revealing polydispersity, as shown in the left panels of Figure 1 .
DLS Measurements
One important point was the appearance of peaks near 1 nm at all SDS concentrations, although the origin of this peak was not clear. It was an order of diameter of nanodispersed individual nanotubes. The presence of this peak was closely related to the alignment of individual nanotubes to the polarization direction of the incident laser beam in the DLS. Nanotubes can rotate freely at low concentrations of nanotubes. At high SWNT concentrations, nanotubes might align themselves via the SDS and a polarizationdependent. In such a case, one would expect to see the However, the individual nanotubes with diameters less than 1 nm, which was already beyond the limit of resolution of a few nm, were not distinguishable. In any case, what we observed as nm peaks in the DLS spectra may be understood as the diameter distribution of the nanodispersed SWNTs.
To correlate the ELS to the size distributions of the DLS spectra, one might also decompose small-size particles ranging from 60 to 500 nm into two groups, as seen in Figure 2(d) . Although the peak positions in the SDS with SWNTs seemed to be overlapped with those of pure SDS suspensions, the origin of such peaks was different, since the Zeta potentials were different from each other. The size distributions of the small-sized and large-sized SWNT agglomerates were almost independent of the SDS concentration within our observed concentration range, whereas the absolute Zeta potential increased with increasing SDS concentration. This is clear evidence that the SDS did not extend SWNT lengths by forming a side chain on the SWNT walls. Yet, the absolute Zeta potential increased due to the presence of more surfactants on the SWNT sidewalls with increasing SDS concentration (i.e., more negatively charged SWNTs in spite of similar sizes of SWNTs).
AFM Analysis
In order to check the reliability of size estimation in DLS and dispersivity in ELS, we showed AFM images in Figure 3 . The original purified SWNTs were bundled with a diameter of about 10 nanometers. By mixing SWNTs with 0.5 wt% of SDS concentration, followed by sonication, the SWNTs were shortened and dispersed individually (see the AFM image in Figure 3(a) ). Nanodispersion was also observed clearly with 1.0 wt% of SDS concentration. However, we observed a lump of SWNTs that were well dispersed within the aggregate, as shown in Figure 3(b) . This type of aggregate was not observed in 0.5 wt% of SDS concentration. To get statistical counts for the diameter and the length of the SWNTs, we took 100 AFM images, and measured diameters and lengths. The maximum count for 0.5 wt% of SDS concentration occurred at a diameter of 1.5 nm (Fig. 3(c) ). The peak value occurred at 0.7 nm for 1.0 wt% of SDS concentration, within the range of a 1 nm size. These peaks correlated with the sharp peak near 1 nm in Figure 2 . What we observed from the AFM images was in good agreement with the observations of the DLS spectra. By correlating the DLS and the ELS spectra, we found the SWNTs to be polydispersed with small-sized and large-sized ones. The length distribution obtained from AFM images (Fig. 3(d) showed the existence of two groups of small-sized and large-sized SWNTs). The peak of small-sized SWNTs appeared near 450 nm at 0.5 wt% of SDS concentration, whereas this peak position was shifted to a shorter length at 1.0 wt% of SDS concentration. The peak of large-sized SWNTs was near 2,000 nm (4,500 nm and 6,000 nm) at 0.5 (1.0) wt% of SDS concentration. The number of smallsized SWNTs was much larger than that of large-sized SWNTs. This suggests that the size distribution of the DLS spectra agrees, at least qualitatively, with the AFM length distribution. The DLS spectra seemed to overestimate SWNT lengths slightly. We tested size distribution using an angle-dependent DLS with an anisotropic rod model. We obtained the average length and diameter of SWNTs of 2,220 nm and 4.8 nm, respectively at 0.5 wt% of SDS concentration. This agreed with AFM length distributions. The hydrodynamic approximation may have been a source of overestimation of length distribution in our DLS spectra.
The pH Dependence of SWNTs with SDS
We considered charge stability of SWNTs with 0.5 wt% of SDS concentration as a function of pH. Figure 4 shows that particle sizes were independent of pH, suggesting that SWNTs were stable at different charging states. Contrary to this, the absolute Zeta potential decreased with increasing pH. This was because abundant hydroxyl and carboxyl groups were introduced at the ends of the SWNTs during the purification process by acid treatment, as shown in the schematic of Figure 4 . In the case of defects on the tube walls, these functional groups would also be chemisorbed. Aliphatic SDS molecules were presumably attached to the side walls of the SWNTs, particularly at high SDS concentrations, (Fig. 4(b) ), 14 such that the SWNTs were negatively charged. Therefore SWNT bundles were separated individually by the repulsive forces between the nanotubes. Sonication enhanced the tube separation of the bundle kinetically. No change at low pH (strong acid region) was observed in the Zeta potential, compared to the original suspension. At strong alkali regions, the presence of abundant OH -groups led to ionized hydroxyl and carboxyl groups to leave H 2 O in the solution. This increased repulsive forces between negatively charged states of surfactants, thereby being desorbed partially from SWNT walls, as shown in Figure 4 . This eventually decreased the absolute Zeta potential. Our preliminary data showed that surfactants with phenyl groups, such as benzalkonium chloride, have a tendency to bridge between tubes, increasing the SWNT lengths significantly at high concentrations. 15 This suggests that surfactants with aliphatic groups are more useful than those with phenyl groups in dispersing nanotubes.
CONCLUSIONS
Our measurements have shown that a combination of electrophoretic and dynamic light scattering can provide a convenient and robust means of measuring polydispersity, nanodispersity, and stability of SWNTs in various solutions. We have also estimated the distributions of SWNT lengths and diameters from nanometer to micrometer scales. Although surfactants with aliphatic groups can nanodisperse SWNT bundles, dispersivity and stability depends seriously on the sample preparation process. These can be monitored easily by combining ELS and DLS spectra.
